Administration of pertussis vaccine, consisting of whole, killed Bordetella pertussis organisms, causes hyperinsulinemia and enhanced secretion of insulin in response to a variety of secretagogues in rats and mice. In examining the time course and properties of this phenomenon, we discovered two distinct and separate effects of the bacteria on glucose and insulin levels in mice. First, a heatstable (80°C for 30 min) component causes a brief hyperinsulinemia which is measureable by 1 h, maximal at 8 h, and ends in less than 48 h. This effect appears to be due to B. pertussis endotoxin, is mimicked by Escherichia coli endotoxin, and is associated with a transient, mild hypoglycemia. Second, there is a heatlabile component of the B. pertussis organism which induces a sustained (>14 days), dose-dependent hyperinsulinemia which reaches a maximum at 5 to 7 days and has no associated hypoglycemia. The two effects are further distinguishable in that the early, endotoxin-induced hyperinsulinemia exhibits the normal suppressibility by exogenous epinephrine, whereas epinephrine markedly enhances the hyperinsulinemia occurring at 7 days. These two effects of B. pertussis appear to be mediated by different mechanisms and may be important in the well-recognized reactogenicity of pertussis vaccine in humans.
Components of Bordetella pertussis have a number of characteristic biological effects in experimental animals, including decrease or loss of epinephrine-induced hyperglycemia and increase in sensitivity to the lethal effects of histamine (24, 30, 33) . It was previously thought that the decreased response to epinephrine was mediated by ,-adrenergic blockade induced by the bacteria (33) . More recently, however, it has been shown by direct binding studies that B. pertussis administration does not cause blockade of the P-adrenergic receptor (19) . It is now known that a factor from the organism causes fasting hyperinsulinemia or enhanced insulin secretion in response to insulin secretagogues (or both) (16, 32, 36) . In addition, several studies suggest that the histamine-sensitizing and the insulin-secretory activities reside on the same molecule (28, 36) .
A line of mice (HSFS/N) has been developed by selectively breeding for susceptibility to the histamine-sensitizing effects of pertussis vaccine (26). In the present study, the HSFS/N mouse was used to examine the time course and properties of the alteration in insulin secretion induced by pertussis vaccine. We demonstrated that the effects of pertussis vaccine are clearly separable into two previously unrecognized phases produced by different components of B. pertussis.
First, there is an endotoxin-induced, hyperinsulinemia lasting less than 2 days. After administration of intact organisms, this effect overlaps with a hyperinsulinemia which is maximal at 5 to 7 days and lasts several weeks. The two responses appear to be mediated by different mechanisms. These observations have implications for the understanding of the control of insulin secretion in general and of mechanisms involved in other biological effects of B. pertussis, including reactions to pertussis vaccine.
MATERIALS AND METHODS
Vaccine. Pertussis vaccine lot 7b is a whole-cell preparation of killed B. pertussis 27 preserved with 0.01% thimerosal and freeze-dried. Immediately before use, vaccine was reconstituted with 0.01% thimerosal-saline to the appropriate opacity unitage (opu; 1 opu represents approximately 6 x 108 organisms).
Heat inactivation of vaccine was accomplished by preparing the vaccine as described above and then heating in a controlled-temperature water bath at 80°C for 30 Glucose was assayed in nonhemolyzed serum samples by using the hexokinase method described by Bondar and Mead (7) . Statzyme reagents were obtained from Worthington Diagnostics, Freehold, N.J. The glucose and insulin assays were carried out under contract, with close cooperation, by Bionetics Medical Laboratories, Kensington, Md.
Differences between the control and treated groups and among the treatment groups were compared by using the two-tailed Student's t test.
RESULTS
Dose response. After selection of the HSFS/N female as the experimental animal based on the preliminary data shown in Table 1 , we evaluated the effect of vaccine dose on insulin levels 3 and 7 days after injection. As shown in Fig. 1 Female HSFS/N mice were given a single intravenous injection of pertussis vaccine (lot 7b) in 0.5 ml. Vaccine dose ranged from 0.4 to 25 opu as indicated on the abscissa. Mice were bled either 3 (A) or 7 (0) days later, and the sera were assayed for insulin as described. Each point represents five to nine animals and insulin values are given as mean ± standard error. Asterisks indicate differences from control animals (given sterile saline) at P < 0.05 (**) or P < 0.01 (*).
insulin at both time points. The maximal insulin level achieved was at 7 days after administration of 25 opu of vaccine.
Time course. Having established an optimal dose of vaccine for these experiments, we studied the time course of vaccine effects. After 25 opu of pertussis vaccine, there was a significant (P < 0.01) elevation of the serum insulin, beginning at 4 h and persisting for more than 14 days ( Fig. 2A) . There appeared to be an early phase of moderate hyperinsulinemia (350 to 450 ,U/ml) during the first 24 h and a second peak of marked hyperinsulinemia (1,000 to 1,450 FU/ml) at 5 to 7 days. The serum insulin values at 5 and 7 days, although significantly (P < 0.01) increased over days 1 and 3, did not differ from each other. Mean serum glucose levels (Fig. 2B ) of pertussis-treated mice differed from those of controls only at 8 h (P < 0.01) and 24 h (P < 0.05), coinciding with the early phase of hyperinsulinemia. During the later phase of marked insulin elevation, the vaccinated mice had normal glucose levels. These data suggested that components of B. pertussis might have two separate effects on the glucose/insulin homeostasis of the vaccinated animal.
Effect of heat-inactivated pertussis vaccine and E. coli endotoxin. Bacterial endotoxins have profound effects on carbohydrate metabolism and have been reported to cause hyperinsulinemia in rats and hypersecretion of insulin in response to glucose in rats and dogs (5, 6, 8) . These effects are of short duration, occurring over a course of 1 to 6 h. Because B. pertussis contains substantial amounts of endotoxin (25), we examined the effects of heat-inactivated pertussis vaccine and E. coli endotoxin on the glucose and insulin levels of the HSFS/N female mouse.
Both the heat-treated pertussis vaccine and the purified E. coli endotoxin elicited a prompt, limited hyperinsulinemia (Fig. 3A) . The serum insulin was significantly elevated by 1 h and maximal by 8 h, and had returned to control values by 48 h. As suggested by the earlier experiment with unheated pertussis vaccine, this acute hyperinsulinemia was associated with a significant hypoglycemia in animals receiving either the endotoxin or heat-treated vaccine (Fig. 3B) . As has been noted by other investigators (4, 8, 12, 27) , there was a transient hyperglycemia observed at 1 h after injection of endotoxin or heated vaccine. In addition, animals given heat-inactivated pertussis vaccine developed an unexplained hyperglycemia at 48 h. Mean serum glucose values for both treatment groups had returned to control levels by 72 h. B. pertussis endotoxin, prepared by the method of Kabat (21) , elicited a similar hyperinsulinemia at 8 h postinjection ( Table 2) .
Effect of exogenous glucose and epinephrine. The data presented thus far confirmed our initial impression that heat-stable and heat-labile components of the pertussis vaccine might be mediating two separate effects. To evaluate this concept further, we made use of the observation that after pertussis vaccine administration epinephrine stimulates rather than inhibits insulin secretion (16) . Eight hours and 7 days were chosen as the times of maximal effect of the heat-stable and heat-labile components, respectively. Unheated and heat-inactivated pertussis vaccines were compared in terms of their effects on the response of mice to exogenous glucose (100 mg intraperitoneally) or epinephrine (2 mg/kg subcutaneously). At 30 min after glucose administration to control animals, serum insulin was increased more than twofold (Fig. 4A) . Subcutaneous epinephrine, on the other hand, resulted in a halving of the basal serum insulin level. The unheated and heat-treated vaccines yielded equivalent increases in insulin at 8 h, which were significantly reduced by both glucose and epinephrine (Fig. 4A) the effects of the unheated and heat-treated vaccines were essentially identical. By 7 days, however, the basal response to the heat-inactivated vaccine as well as the responses to exogenous glucose and epinephrine were the same as in controls ( Fig. 4B ; note change of scale). With unheated vaccine, on the other hand, the basal hyperinsulinemia had increased to 1,440 ± 350 U/ml, and the administration of epinephrine further increased the insulin level to 2,240 ± 440
,iU/ml (P < 0.05). In addition, the normal hyperglycemic responses to glucose and epinephrine were abolished (basal, 110 ± 8 mg/dl, versus postglucose, 109 ± 3 mgldl, and postepinephrine, 106 ± 15 mg/dl) in the unheated-vaccinetreated animals. DISCUSSION Although it has been known for a decade that administration of pertussis vaccine induces hyperinsulinemia in rats and mice (16) , the mechanism of this dramatic response and its possible role in the biological effects of the organism have been unclear. In the present study, we demon-VOL. 41, 1983 strated that whole-cell pertussis vaccine has a biphasic effect on serum insulin in HSFS/N mice and that the two parts of the response appear to be mediated by separate components of the bacterium. In this animal system, the acute response is mediated by a heat-stable element of the organism and is reproduced by endotoxin administration. As has been noted in endotoxintreated rats, rabbits, and dogs (4, 8, 12, 27) , there is a transient hyperglycemia at 1 h, which is felt to be a result of acute glycogenolysis and decreased peripheral utilization of glucose. Thereafter, animals treated with heat-inactivated vaccine or endotoxin develop a significant hyperinsulinemia and associated hypoglycemia which resolves in less than 48 h (Fig. 3) . This is in contrast with earlier observations in dogs and rats which showed endotoxin-induced hypoglycemia to be a hypoinsulinemic, generally preterminal state associated with depletion of glycogen stores (15, 20) . In humans, low doses of endotoxin elicit increases in levels of glucose, basal and glucose-stimulated insulin, glucagon, growth hormone, adrenocorticotropin, and cortisol (31) . It is of note that unheated pertussis vaccine has the same effect at 8 h as heatinactivated vaccine and endotoxin, although the insulin levels were often not as high and glucose levels were only slightly decreased (Fig. 2) .
The second phase of the response to pertussis vaccine in the HSFS/N mouse consists of marked hyperinsulinemia which is maximal at 5 to 7 days, is mediated by a heat-labile component of the organism, does not result in hypoglycemia, and is enhanced by exogenous epinephrine ( Fig. 2 and 4) . This paradoxical catecholamine effect explains the loss of epinephrine-induced hyperglycemia in pertussis vaccine-treated rats and mice (16, 19, 24, 33) , the observation which originally prompted Gulbenkian et al. to examine insulin levels in those animals (16) . These workers found hyperinsulinemia as early as 1 day after vaccine administration and demonstrated that the observed levels represented biologically active insulin (16) . In that study, blood glucose was not measured at the early (1 day) time point, and no distinction was made between heat-stable and heat-labile elements of the vaccine. Although Gulbenkian hypothesized that the hyperinsulinemia in conjunction with normal serum glucose might reflect peripheral insulin resistance, recent studies by Furman et al. have provided a more reasonable explanation (14) . The hyperinsulinemia associated with administration of pertussis vaccine or infection with B. pertussis appears to be at least partly a result of catecholamine release at the time of anesthesia before sacrifice. Elimination of the use of anesthesia or pretreatment of the mice with the P-adrenergic blocking agent propranolol markedly reduced the hyperinsulinemia. In their studies, however, only the component corresponding to the late (second) phase of hyperinsulinemia was investigated. It is likely from the different characteristics of the response at 8 h that it is mediated by a different mechanism and is not a function of catecholamine release with anesthesia. The normal response to exogenous epinephrine at 8 h (Fig. 4A) supports this contention.
The data of Furman et al. (14) are consistent with the data of Ui and co-workers, who have demonstrated that administration of B. pertussis cells, fractions of culture medium, or purified islet-activating protein to Wistar rats results in enhanced insulin secretion in response to glucose and other secretagogues, but little or no effect on basal insulin levels (35) . In these experiments, blood was collected from unanesthetized rats. Treatment of the animals 3 days before sacrifice did not affect islet morphology or insulin content (22) , but did markedly potentiate glucose-stimulated insulin release. In keeping with the data presented here, islet-activating protein-induced alteration of insulin secretion in vivo exhibited a lag of 24 h and peaked at 7 to 10 days (34) . It is of note that islet-activating protein, also known as pertussis toxin, lymphocytosis-promoting factor, histamine-sensitizing factor, and pertussigen, is now known to act on a number of other tissues both in vivo and in vitro and that its biological effects are associated with the ADP-ribosylation of a host target cell membrane protein of Mr = 41,000 (9, 23 ).
An additional question of importance is whether this altered insulin metabolism is involved in or is responsible for any of the other biological activities of B. pertussis, such as sensitization to the lethal effects of histamine (24, 30, 33) , induction of leuko-lymphocytosis (28) , and modulation of delayed hypersensitivity (1, 18, 29) . It has been shown previously that exogenous insulin sensitized mice to histamine death and the pertussis-induced sensitization is reduced by prior treatment with alloxan (13 
